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CHAPTER ONE 
INTRODUCTION 
 Radon is a curious noble gas that has piqued human interest for over one hundred years.  
Immense volumes of work have been published on radon since its discovery, mainly radon and 
its decay products utility as tracers and chronometers to investigate several Earth surface 
processes. The alpha radiation from radon decay was discovered by Ernest Rutherford in 1899 
while radium producing radon gas was discovered by Friedrich Ernest Dorn in 1900.  Radon is an 
intermediate daughter product in the 238U, 235U, and 232Th decay chains, and Rn is the only 
noble gas with all its isotopes being radioactive.  Of the three naturally occurring Radon 
isotopes (219Rn, 220Rn, 222Rn),  222Rn is the primary isotope of interest because of its relatively 
long half-life of 3.82 days compared to 55.6 s for 219Rn and 25.7 min for 220Rn.  The combined 
effects of its radioactivity and mobility, above or within the ground via fluids, make 222Rn a 
health hazard to those exposed to it. Despite this, the radioactive nature of 222Rn also leads to 
many unique applications.  The concentrations of 222Rn in surface air and soil gas have been 
utilized to get information on the location of uranium ore.   Fleischer et al.  (1980) found that 
222Rn gas levels were found to be elevated across a known 100 m deep uranium bearing ore 
body.  In addition to U ore bodies, radon anomalies were also found at a site that was well 
mapped for hydrocarbon deposits (Fleischer and Turner, 1984), thus leading to the use of 222Rn 
to aid in the discovery of new oil deposits.  The potential to use radon as a tracer for 
earthquake events has also been heavily studied.  The first evidence for correlation 
between 222Rn concentrations and earthquake activity came from a deep well in Tashkent 
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where 222Rn concentration in groundwater was found to increase progressively, slow, and then 
dropped abruptly at the time of a major earthquake (Whitehead, 1981).  Elevated radon levels 
were also traced to a magmatic resurgence at the Long Valley Caldera (Williams, 1985).  
Atmospheric studies also utilize radon, for example, monitoring residence time of particulate 
matter using 222Rn concentrations (Liu, 2013).  The fact that radon operates as a noble gas and 
can escape mineral grains can also be studied to understand it's effect on geologic dating of 
uranium bearing materials (Garver and Baskaran, 2004). 
 Understanding how radon behaves within a crystal lattice is important in obtaining 
reliable ages based on 206Pb/238U, 207Pb/235U and 208Pb/232Th in rocks and minerals. When dating 
geologic materials greater than ~1 Ma, uranium-series isotopes are commonly utilized due to 
the long half-lives and abundance. The two long-lived U isotopes, 238 U and 235 U, each decay 
through a number of intermediate daughter products, eventually producing the stable isotopes 
206Pb and 207Pb respectively.  Ages calculated from 238U/206Pb and 235U/207Pb ratios are expected 
to be the same, or concordant, for a given material.  Often, the ages obtained by these two 
pairs are discordant, with the 238U/206Pb ratio giving a younger age.  This discordance is 
attributed to two factors: i) diffusion of Pb (Nicolaysen, 1957; Tilton, 1960; Wasserburg, 1963; 
Wetherill, 1963) and ii) loss of intermediate radioactive isotopes in the decay chain during 
radioactive decay, most notably that of 222Rn  and 220Rn (Rutherford and Brooks, 1901; 
Boltwood, 1904; Kulp and Eckelmann, 1957). The diffusion length scale for 222Rn, which has a 
mean-life of 5.51 days, is a few centimeters and hence 222Rn can diffuse through rocks and 
minerals of few centimeters in diameter, provided an escape pathway exist.  Rocks and 
minerals that contain cracks, micro fractures, fission tracks and nano-pore networks can serve 
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as conduits for the escape of radon (Tanner, 1964; Rama and Moore, 1984). 220Rn has a much 
shorter half-life of 55.6 seconds, which does not allow it to travel far, thus making 220Rn 
produced within a crystal more likely to remain in the system than 222Rn.    
 Minerals bearing enough uranium to be used as geochronometers, such as zircon, 
contain enough uranium that the accumulation of fission tracks in the crystal may affect the 
escape, or emanation, of 222 Rn from the mineral.  Fission tracks form as uranium undergoes 
spontaneous fission, releasing energy and splitting a uranium atom into two smaller nuclei, 
which leave behind tracks as they recoil away from one another and damage the crystal lattice.  
The presence of fission tracks increases the internal surface area of a crystal, and thus increases 
the likelihood that individual defects will intersect and connect with the outer surface of the 
crystal, creating potential pathways for Rn escape. 
 Aside from radon loss through defects in a mineral, radon can also be lost from 
materials through volume diffusion.  At low temperatures this process is negligible, but at 
higher temperatures, such as interaction with molten material, the process can lead to 
considerable loss of radon from within the mineral (e.g., Heaman and LeCheminant, 2000).  
Minerals with high melting temperatures, such as zircons, can withstand extremely high 
temperature melting events, but volume diffusion may readily cause Rn produced within the 
mineral to escape.  Thus, the longer a zircon crystal is subjected to high temperatures, the more 
radon is potentially lost as a result of volume diffusion. 
 Loss of Rn, whether by recoil into effective escape pathways, or volume diffusion, 
results in loss of the final daughter product Pb, reducing the apparent U/Pb age.  The longer 
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half-life of 222Rn leads to a preferential loss of 222Rn in the 238U/206Pb system over 220Rn in the 
235U/207Pb system.  This may help to explain discordant ages between the 238U/206Pb and 
235U/207Pb systems. 
1.1 Previous Work 
 Extensive research has gone into understanding the process of radon emanation from 
minerals and whole rocks, as well as the processes affecting Rn emanation.  Some of the 
earliest pioneers in radioactivity knew uranium bearing minerals produced 'radium emanation' 
(later known as radon), which leaked and escaped from the parent material (Boltwood, 1908).  
Eventually, the relation of this leakage to the 238U/206Pb and 235U/207Pb discordant ages became 
more apparent, and the subject gained more attention.  Giletti and Kulp (1955) ran a series of 
experiments on different uranium bearing minerals to assess the radon leakage rate. The 
authors concluded that the three factors influence radon leakage are total surface area, 
temperature, and the nature of the mineral grains.  They also noted two processes by which 
radon may emanate, recoil and diffusion.  The authors suggested that diffusion occurring 
through solid material is negligible at temperatures below 400 °C, however diffusion of radon 
increases with increasing temperature.   The authors then applied a leakage correction to 
238U/206Pb ages to agree better with 235U/207Pb ages obtained, reducing the discordance 
between the two ages.  
 The effects of recoil when 226Ra undergoes -decay were summarized  by Tanner in 
1978 and again by  Sakoda et al. in 2010.  As 226Ra decays into 222Rn, the decay imparts an 
energy of 86 KeV on the recoiling radon atom, causing it to move away from the parent nuclide.  
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The distance traveled depends on the material through which it is traveling, being air (such as 
pore space), water, or solid material.  The stopping distance for a recoiled radon atom has been 
calculated to be 77 nm in water and 53 µm in air (Sakoda et al., 2011).  Because water 
decreases the stopping distance of radon atoms, Tanner (1978) suggested that water within 
pore spaces or internal crystal defects can prevent a recoiling  radon atom from entering and 
implanting into a nearby grain, thus increasing the amount of radon that is able to escape.  In 
the case of solid materials, density is the main property that determines the distance a radon 
atom travels after decay.  Recoil distance for radon in minerals of average density (2.7 g/cm3) is 
recorded to be 20 - 70 nm (Quet et al. 1975).  Both Tanner (1978) and Sakoda et al. (2011) 
proposed several scenarios for the fate of the decaying radon atom within a mineral grain 
(Figure 1).  
 Because the distance traveled by a recoiled radon atom is limited, the location of the 
radium atom within a grain is important regarding whether or not the recoiled radon atom will 
escape through a recoil event alone.  A small enough grain (smaller than the stopping distance 
for a recoiling radon atom) will then allow for all the produced radon to escape.  The formula 
devised for calculating the faction of radon atoms emitted due to recoil, assuming the grains 
are free of defects, homogenous and perfectly spherical, is as follows: 
𝐹𝑟 =  
3𝑅
4𝑟0
 −  
1
16
 
𝑅
𝑟0
 
3
 𝑓𝑜𝑟 2𝑟0  ≥ 𝑅 (Eq 1.1) 
Where Fr is the fraction emitted due to recoil, R is the recoil range, and r0 is the radius of 
the grain (Giletti and Kulp, 1954).   
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Figure 1.  Potential fate of 222Rn atom.  Open circle represents 226Ra atom undergoing alpha decay to 
produce 222Rn.  222Rn represented by closed circle.  In situation A, radon is produced deeper than the 
distance a radon atom can travel within the crystal by recoil, and thus it remains inside the crystal.  In 
situation B, radon is produced at depth like in situation A, however, its pathway intersects with an 
internal network of passageways, which arise from internal defects such as fission tracks, allowing the 
radon to escape the mineral.  In situation C, the recoiling radon may exit the source mineral, but its 
energy may allow it to travel and embed into another adjacent mineral. In situation D, recoiling radon is 
produced from very close to the surface of the mineral, and is stopped by water surrounding the grain 
or within pore space.  In situation E, the recoiling radon atom is close enough to the surface of the 
crystal to emanate into the air or open pore space.   In situation F, the recoiling radon atom is implanted 
in a neighboring grain, however an internal network of pathways exists that allow the radon to escape 
the grain it is imbedded in.  Situation G shows radon recoiling into the air and implanting into a nearby 
grain.  This radon atom has the chance to escape through the recoil pathway and back out to the pore 
space.  (Modified from Tanner, 1978) 
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 The fraction of radon atoms emitted is plotted Vs. grain radius in figure 2.  A larger grain 
may have more radium, but a lower emanation rate due to the amount of recoiled radon atoms 
unable to escape from the interior.  Thus, the assumption that the larger surface area a 
material has, the larger the emanation rate will be.  Rama and Moore (1984), while studying the 
source of excess radon in ground water, performed a series of experiments on materials of 
varying sizes to determine how grain size affects radon emanation rate.  They discovered that 
for the materials tested (granite, sand and monazite), grain sizes did not affect radon 
emanation rates as much as previously thought, and hypothesized that the internal structure of 
the materials must have a large enough effect to explain the phenomenon.   
Krishnaswami and Seidemann (1988) contested the hypothesis of Rama and Moore 
(1984) through the results of their own experiments on common rocks, which compared 39Ar 
and 37Ar leakage to 222Rn.  Their findings showed that the amount of Ar emanated compared to 
222Rn was smaller, and that in order to explain the excess 222Rn emanation, uranium would have 
to be preferentially concentrated at grain boundaries, and thus internal pathways deep within 
the crystal were not likely.  The authors did note that this situation may apply for common 
rocks, however, uranium distribution in uranium bearing minerals is usually less heterogeneous 
and less likely to have uranium concentrated on the surface.  
Rama and Moore (1990) continued their previous work with focus on uranium bearing 
minerals to test the hypothesis that an internal network of passageways exist within the 
minerals, allowing for larger amounts of radon emanation.   They found that for smaller grain 
sizes, 220Rn emanates at a comparable rate to 222Rn, results similar to those found by 
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Figure 2.  Fraction of radon atoms emitted from a spherical, homogeneous crystal free of internal 
defects, using equation 1.1.  Recoil range of crystal set to 20 nm. 
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Krishnaswami and Seidemann (1988).  However, when testing larger grain sizes, where crystal 
size was much larger than the recoil distance, they found a reduced emanation of 220Rn 
compared to that of 222Rn.  The shorter half life of 220Rn was simply too short for it to escape 
the grain before decaying.  In all cases, radon emanation was much greater than expected for 
larger grain sizes when considering surface area alone.  They used these series of experiments 
as supporting evidence for their claim that internal pathways connected to the surface of a 
mineral grain are conduits for increased radon emanation.   
Though diffusion through solid material is generally not considered a very important 
role in radon emanation when compared with alpha recoil, at higher temperatures the effect is 
more pronounced (Giletti and Kulp, 1954).  Beckman and Balek (2002) modeled diffusion 
distances for the life of a 220Rn atom in a solid (ρ = 2.643 g cm-3) at different temperatures.  At 
room temperature, the diffusion length was negligible, 1.6 * 10-29 nm,  but at higher 
temperatures the distance is much greater.  At 800°C the distance diffused was 1.6 nm, and at 
1400°C the distance was 6900 nm. If the uranium bearing minerals could withstand these high 
temperatures without melting, the increase in temperature would lead to a significant loss of 
radon by diffusion.  A good example for this sort of scenario would be zircon minerals, which 
usually have melting temperatures high enough to withstand melting events, and can exist in 
silicate melts for long periods of time.  Solid-state volume diffusion at high temperatures, would 
work in concert with alpha recoil to increase radon emanation.   However, upon heating, lattice 
damage undergoes annealing, healing fission tracks and other escape pathways, causing a 
decrease in radon emanation due to alpha recoil. 
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1.2 Objectives  
 To understand the processes by which radon emanation occur in zircon crystals, three single  
zircon crystals (Mud Tank, Bancroft and Malawi) of different ages, different uranium concentrations 
and different sizes were selected for this study.  Zircons were crushed and sieved into five size 
fractions (<63 µm, 63 - 125 µm, 125 - 250 µm, 250 - 500 µm, and <500 µm), some aliquots 
subjected to varying degrees of heat.  Fission tracks were studied in response to varying 
temperatures in Mud Tank zircon, radon emanation was studied with respect to varying 
temperatures for all zircons, and diffusion of radon as a result of heating and grain size was studied 
in Bancroft zircon.  The studies were performed to answer the following questions: 
1. How does heating at different temperatures, varying the grain sizes, varying the ages in zircons 
affect radon emanation rates? 
2. Are there any relationships between fission track densities and radon emanation rates in zircon 
for a given size range? 
3. What is the role of diffusion in the escape rates of radon in zircon? 
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CHAPTER TWO 
MATERIALS AND METHODS 
 
 The samples used for analysis were acquired by David Lowrie of the Wayne State 
Geology department.   A large, single crystal of zircon weighing greater than 100 grams was 
selected from three different localities.  The mass of the crystal was important to ensure 
enough material for different sets of experiments.  The three localities from where the zircon 
came from are as follows:  a zircon from Bancroft, Canada, zircon from Malawi, Africa, and 
zircon from Mud Tank, Australia.    David Lowrie provided the Bancroft zircon and Mud Tank 
zircon. The Malawi zircon was provided by the mineral dealer All Minerals.  The different 
localities were selected for having zircons with varying uranium concentrations and ages.   
 The zircon crystals were prepared for analysis by the following method.  First, the 
zircons were put through a chipmunk jaw crusher to pulverize them into roughly 5000 μm 
aggregates.  The crystals were then crushed down again using a Siemens puck and mill grinder, 
and then sieved into five different size fractions.  Size fractions selected for the scope of this 
study are as follows:  <63 μm, 63-125 μm, 125 - 250 μm, 250 - 500 μm, and 500-1000 μm.   
Once the crystals were sieved, they were run through a Frantz magnetic separator operating at 
0.5 amperes to remove any iron impurities.  The samples were resealed and the iron impurities 
for each mineral were stored separately.  A known amount of each size fraction was placed into 
a gas wash bottle for radon extraction (Figure 3).  The aliquot masses were selected based on 
uranium content; Bancroft and Malawi zircon aliquots were approximately 2 grams each, and 
Mud Tank zircon grain aliquots were approximately 5 grams each.  Once zircon samples were 
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Figure 3. 500 ml gas washing bottle with crushed zircon crystals.  
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placed in the gas washing bottles, the bottles were filled with 250 ml distilled water.  The 
distilled water reduces the recoil length of 222Rn, making it more likely to enter solution as 
opposed to getting implanted into nearby grains with minerals are placed without water.  After 
filling with water, the gas wash bottles were flushed with He for a few minutes to flush out 
residual 222Rn present and then sealed.  The time sealed was recorded. 
 We were also interested in the effects of heating zircon with respect to radon 
emanation at different temperatures.  Internal crystal defects, such as fission tracks, can be 
potential escape pathways for radon, so the effect of heating in partial and full annealing are 
important to consider.  Since number of fission tracks under a reflected light microscope are 
typically counted on crystals of size 125 - 250 µm, this size fraction was selected for the heating 
experiment.  For each zircon type, 1 - 5 grams of material were heated for six hours in a 
Thermolyne 30400 muffler furnace at five different temperatures:  200°C, 300°C, 400°C, 600°C, 
and 800°C.  For each heating step, zircon minerals were placed in ceramic crucibles that were 
then placed into the furnace.  The furnace temperature was set, and after six hours the furnace 
was turned off and the minerals were allowed to cool inside the furnace overnight.  After 
cooling, the minerals were then placed in separate storage containers for later analysis.  For 
each heating step, an aliquot was taken and placed inside the gas wash bottles.  The bottles 
were then filled half way with distilled water.  After filling with water, the gas wash bottles 
were flushed with He for a few minutes and then sealed.  The time sealed was recorded.  In 
order to collect the radon emitted by the grains, a scintillation Lucas cell was used.  The cell was 
then connected to Pylon AB-5 Radiation Monitor, a photomultiplier tube with electronic 
assembly, in order to count alpha particle decay events. 
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2.1 Radon Emanation 
2.1.1 Lucas Cell Background 
 A Pylon AB-5 Radiation Monitor coupled with Lucas cells were used to capture and 
record 222Rn decay events (Figure 4).  Before using Lucas scintillation cells for analysis of 222Rn, 
the background decay rate in counts per minute (cpm) for each cell needed to be obtained.  
Because the Lucas cells have been previously used, a very small fraction of the non-gaseous 
daughter products of 222Rn (such as 210Pb, 210Bi, 210Po) could remain within the cell, owing to the 
longer half-lives of the daughter products compared to 222Rn, contributing to the cell 
background.  These daughter products will continue to decay and are detectible by the 
scintillation counter.   To obtain the background count rate (counts per minutes, cpm), a Lucas 
cell was connected directly to the Pylon AB-5 scintillation counter.  After a minute of waiting 
(due to the instrument's light sensitivity), the scintillation counter was turned on.  A time 
interval was then programmed into the scintillation counter, usually five hours for background 
counting, and the counting was then started.  Every five hours the number of counts was 
recorded and stored by the counting unit.  After approximately 1,000 decay events were 
recorded, the counting was stopped. 
 The background for the cell was then simply calculated as follows: 
𝐵𝑐 =  𝐶𝑡 𝑡   (Eq 2.1) 
where Bc is the background count rate of the cell in cpm, Ct is the total counts from the Pylon 
unit, and t is the time counted in minutes.  Periodically the background for the Lucas cells were  
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Figure 4.  Pylon AB-5 Scintillation counter with calibration cell (left) and Lucas cell (right) 
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monitored, particularly after long periods of time of inactive use and after counting high activity 
samples.  A complete record of the background count rate over a period of ~ 1 year for the cells 
used is shown in table 1. 
2.1.2 Radon Measurement 
 After the gas washing bottles were sealed, 222Rn was allowed to accumulate over the 
course of seven to twenty one days, in order to reach levels high enough for measurement.  
Once sufficient time had elapsed, 222Rn was transferred from the sample to the Lucas cell using 
a two-step procedure, as outlined in the Storm Kings Extraction Method Manual. First, the 
charcoal column heating furnace, coupled with a Watlow temperature control (Figure 5), was 
turned on and set to 470°C. A Stainless steel U-tube with activated charcoal column was 
connected to the transfer board (Figure 6), and then the column was placed inside the furnace.  
The transfer board toggle valves are set to vacuum and evacuate, and a vacuum pump 
connected to the transfer board was turned on.  After ten minutes, the column was removed 
from the furnace and the transfer board and set to cool for about ten minutes.  This procedure 
evacuates the transfer board and charcoal columns, which removes any trace radon inside the 
column.  Next, the room temperature column was placed inside a dewar, which was then filled 
with dry ice to reach a temperature of -10 °C.    The low temperature cools and activates the 
charcoal.  Once the dewar was filled, the column was connected to the extraction board (Figure 
7) and evacuated for ten minutes. 
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Table 1: Background cpm for radon scintillation cells over time. 
 
Errors obtained by taking the square root of the counts (from scintillation counter) divided by time 
counted. 
Cell 101 Cell 102 Cell 103 
Date BKG (CPM) Date BKG (CPM) Date BKG (CPM) 
05/15/2012 0.80 ± 0.03 06/08/2012 0.93 ± 0.03 06/01/2012 0.91 ± 0.02 
06/05/2012 0.84 ± 0.03 08/21/2012 0.96 ± 0.03 06/26/2012 0.84± 0.03 
06/20/2012 0.84 ± 0.03 10/18/2012 0.87 ± 0.03 08/22/2012 0.85 ± 0.03 
08/20/2012 0.92 ± 0.03 01/10/2013 0.89 ± 0.03 02/18/2013 0.67 ± 0.02 
10/19/2012 0.83 ± 0.03 02/12/2013 0.91 ± 0.03 02/29/2013 0.82 ± 0.03 
01/07/2013 0.93 ± 0.03 03/10/2013 1.00 ± 0.03 03/19/2013 1.59 ± 0.04 
  03/21/2013 1.00 ± 0.03 05/15/2013 0.87 ± 0.03 
  05/01/2013 0.89 ± 0.03   
  05/10/2013 0.91 ± 0.03   
  05/20/2013 0.82 ± 0.03   
18 
 
 
Figure 5. Charcoal column heating furnace with Watlow temperature control. 
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Figure 6. Storm Kings 
222Rn Transfer Board (With charcoal column attached) 
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Figure 7.  Storm Kings 222Rn extraction board.  Gas washing bottle (left) and charcoal column (right)  
shown connected. 
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 After the ten minute wait, the gas wash bottle was connected to the extraction board.  
While the gas wash bottle was still sealed, the tubing was opened to vacuum and allowed to 
evacuate.  The vacuum valve to the extraction board was then closed, and the system was filled 
with He until one atmosphere of pressure was reached.  Once the system was no longer under 
vacuum, the gas wash bottle was opened to the system.  The circulation pump on the 
extraction board was then turned on, and the valve closed until the gas wash bottle bubbler 
began to bubble.  Radon was then circulating through the system and entering the cooled 
charcoal columns to be collected.  The Drierite and Ascarite columns in the Transfer Board 
absorbed excess carbon dioxide and water vapor. The circulation step was run for about thirty 
minutes.  After circulation was completed, the circulation pump was switched off, then the ‘In’ 
and ‘Out’ valves connected to the wash bottle were closed, and the wash bottle was then 
removed from the system.  The vacuum valve was opened again in order to evacuate the 
charcoal columns.  The column was evacuated for two minutes, then removed from the 
extraction board. After removal, the column was removed from the dewar and warmed back to 
room temperature.  The next part of the procedure transfers the trapped radon from inside the 
column to the Lucas counting cell.  First, the Lucas cell was connected to the transfer board and 
evacuated with the vacuum pump.  Next, the column was connected to the transfer board, and 
then evacuated for one minute.  The vacuum valve was then closed.  After evacuation, the 
system was filled with He, to about fifteen inches Hg vacuum.  The column was then placed 
inside the furnace at 470°C, and the Lucas cell set to fill.  After 5 minutes of filling, He was 
introduced slowly, so that in three to four minutes, the system was returned to one 
atmosphere of pressure.  Once the system reached one atmosphere of pressure, the cell was  
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removed from the transfer board and the column was evacuated for about ten minutes.   
 Once the radon was transferred from the column to the cell, the cell is required to sit for 
a period of 2 hours before counting.  The time is required to allow the daughter products of 
222Rn to be in equilibrium with 222Rn.  After the 2 hour wait, the cell can be counted similar to 
the procedure used for counting the cell background, except the time for counting would be 
shorter, due to the higher activity in the cells.  The count time will greatly depend on the 
activity of the sample.  High activity samples (400 dpm) need be only counted for ten or so 
minutes, whereas low activity samples (10 dpm) need be counted for longer, until around 1,000 
or more counts are obtained.   Immediately after counting, the Lucas cell was flushed with He 
to prevent excess accumulation of 222Rn daughter products, which will lead to increase in the 
background levels of the cells.  While a column was still connected to the transfer board, the 
Lucas cell was reconnected.  It was evacuated, and then filled back to one atmosphere of He, 
and evacuated again.   The evacuation and refilling of He was repeated thrice, and on the last 
filling, the cell was not evacuated, but simply removed from the transfer board.  Both the 
column and the cell usually were used after 1 day for the next set of samples.  
2.1.3 Radon Monitor Efficiency 
 The Pylon AB-5 Radiation Monitor has a finite counting efficiency.  To ensure quality of 
data, the efficiency of this unit was monitored over time.  A 3150A calibration standard cell 
provided by Plyon Electronics was used to measure the efficiency.  The standard’s total activity 
is 5413 dpm.  The calibration cell was connected to the Pylon AB-5 radiation monitoring unit 
and counted for several minutes. The efficiency was calculated as follows: 
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𝐸𝑓 =   
𝑆𝐶𝑐𝑝𝑚
𝑆𝑇𝐷𝑑𝑝𝑚
  100  (Eq 2.2) 
 Where the Ef is the efficiency of the Pylon AB-5 unit, STDdpm is the dpm listed on the standard 
cell, and SCcpm is the cpm recorded by the Plyon AB-5 unit. The efficiency of the unit remained 
consistent over the course of the experiments, between 68 - 69%.  Efficiency data are shown in 
table 2. 
2.1.4 Cell Efficiency 
 There are variations in the efficiencies of each of the Lucas cells used, due to variations 
in the thickness of the scintillator coating inside cell surface. Precise determination of 222Rn 
activities requires that the precise efficiency of the counting cells is determined.  To determine 
cell efficiency, standards of known 238U (with its decay products in secular equilibrium including 
222Rn) activity are made.  For the standard, RGU-1 (certified concentration of 400±2 ppm 238U), 
obtained from the International Atomic Energy Agency, was used.  About 300 mg of RGU-1 was 
placed in a glass beaker and kept inside a utility oven at 100°C for 2 hours (to get any water 
vapor in the RGU-1 Standard), and then moved to a desiccator with drierite for 24 hours.  About 
100 mg each of this dried standard was taken in two separate Teflon beakers, and then brought 
into solution by acid digestion with 5 ml of 28.9 M HF, 5 ml of 12.1 M HCL, and 5 ml of 15.6 M 
HNO3. The same digestion step was repeated, except using 3 ml of each acid.  After the 
digestion, 5ml of 6M HCl was added to each beaker.  The beakers were inspected to ensure 
RGU-1 had completely dissolved 6M HCl solution.   The solution from each beaker was then 
poured into a separate gas washing bottle.  To ensure complete transfer, the beaker was rinsed 
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Table 2: Radon scintillation counter efficiency over time. 
Date 
Count 
Start 
Count End Total Counts  CPM Efficiency (%) 
09/27/2011 12:50 12:52 7447 3724 ± 43 68.8 ± 0.8 
09/28/2011 12:53 12:55 7417 3509 ± 43 68.5 ± 0.8 
10/26/2011 12:08 12:18 36864 3686 ± 19 68.1 ± 0.4 
11/06/2011 12:00 12:25 92371 3694 ± 12 68.3 ± 0.2 
02/05/2012 12:20 12:30 37128 3713 ± 19 68.6 ± 0.4 
04/28/2012 15:00 15:10 36947 3695 ± 19 68.3 ± 0.4 
06/25/2012 16:07 16:17 37021 3702 ± 19 68.4 ± 0.4 
09/05/2012 12:08 12:18 36897 3690 ± 19 68.2 ± 0.4 
12/12/2012 13:04 13:14 37222 3722 ± 19 68.8 ± 0.4 
03/03/2013 14:09 14:19 36991 3699 ± 19 68.3 ± 0.4 
06/24/2013 10:40 10:50 36929 3693 ± 19 68.2 ± 0.4 
 
Pylon AB-5R radon scintillation counter used for detecting decay events in Lucas cells.  A certified 
reference source cell having 5413 cpm of activity was used to determine the efficiency of the AB-5 
Radiation Monitor.  Error obtained by taking the square root of the counts divided by minutes counted. 
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with 6 M HCL after initial pouring, which was then added to the gas washing bottle.  Rinsing was 
repeated two more times.  Distilled water was then added to the gas washing bottle until it was 
half full.  The washing bottles were then labeled RGU-1-1 and RGU-1-2.  The gas washing 
bottles were flushed with He for a few minutes, then sealed, in order to flush all of the 222Rn 
out of the system.   The time and date flushing finished was recorded. 
2.1.5 Calculating Cell Efficiency   
 After a period of approximately 21 days, the 222Rn from the wash bottles was extracted 
as outlined above.  The equation for determining efficiency is: 
𝐸𝑐 =
 𝐶𝑡− 𝐵𝑐 𝐷1
𝐴𝑠𝐷2
  (Eq 2.3) 
Where Ec is the cell efficiency for the given cell, Ct is the total cpm obtained from the AB-5 
Radiation Monitor, Bc is the background cpm for a given cell, D1 is the decay factor for 
222Rn (= 
eλt where λ is the decay constant for 222Rn in days and t is the time, in days, from when the 
trapping of 222Rn ended in the graphite column to mid-count), and D2 is the in-growth factor ((= 
1 - e –λt1) and t1 is the time elapsed between gas washing bottle was removed from the 
extraction board and when the gas washing bottle was sealed previously. We assume during 
the elapsed time, from filling the cell to beginning of the counting, all the daughter products 
(218Po, 214Pb, 214Bi, and 214Po) reached secular equilibrium with 222Rn. The cell efficiencies 
calculated for each of the cell are given in table 3. 
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Table 3:  Cell efficiencies for Lucas cells used in this study. 
 
Standard RGU-1 was used to determine cell efficiencies.  Approximately 100 mg of RGU-1 was used in 
each standard.  RGU-1 was supplied by the International Atomic Energy Agency, has a certified uranium 
concentration of 400 ± 2.1 µg g-1 and is in secular equilibrium with all the daughter products in the decay 
chain.  Error values are from the propagated error of experimental values. 
  
Cell Standard Date Analyzed Cell Efficiency (%) Mean (%) 
101 RGU-2 05/24/2012 2.05 ± 0.05 
2.07 ± 0.03 
101 RGU-1 06/01/2012 2.17 ± 0.06 
101 RGU-2 06/12/2012 1.97 ± 0.05 
101 RGU-2 06/27/2012 2.09 ± 0.05 
102 RGU-2 03/19/2012 2.43 ± 0.05 
2.32 ± 0.03 102 RGU-2 03/30/2012 2.32 ± 0.05 
102 RGU-1 05/14/2012 2.21 ± 0.05 
103 RGU-1 05/24/2012 2.06 ± 0.05 
2.12 ±  0.03 103 RGU-1 06/14/2012 2.11 ± 0.05 
103 RGU-1 06/27/2012 2.18 ± 0.05 
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2.1.6 226Ra Activity 
 To calculate the 222Rn emanation coefficient, the activity of 226Ra must be known in the 
samples.  To obtain this value, approximately 1 gram of material from each size fraction in all 
three zircon samples were sealed in gamma counting vials.  The samples were placed in a 
Canberra high-purity germanium well detector coupled to a Canberra InSpector multi-channel 
analyzer.  Data analysis was done using Genie 2K software. Samples were counted anywhere 
from ten minutes to a day, depending on the U concentration from each of the zircon samples.  
Because 226Ra and 222Rn are in secular equilibrium, 222Rn activities obtained from 214Pb and 214Bi 
isotopes by the gamma counter are used as a proxy for 226Ra activity.   
2.1.7 Calculation of Radon Emanation 
 The activity of 222Rn accumulated in the water containing the zircon sample was 
calculated as follows: 
𝐴222 =
 𝐶222− 𝐵𝑐   𝐷1
𝐸𝑐
  (Eq 2.4) 
Where A222 is the activity of 
222Rn in the sample in dpm (decays per minute), C222 is the cpm 
obtained from the Lucas cell, Bc is the background cpm of the cell, D1 is the decay factor (=e
t), 
where is the decay constant of 222Rn (in d-1) and t is the time elapsed between the completion 
of radon trapping in the graphite column to mid-couting, and Ec is the calculated cell efficiency.  
The radon emanation rate can be expressed in terms of number of atoms escaping per unit 
area per unit area. The radon emanation coefficient (Er) is is calculated as follows: 
𝐸𝑟 =  
𝐴222
𝐴226 ∗𝑤∗𝐷2  
   (Eq 2.5) 
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Where Er is the fractional amount of 
222Rn escaping; A222 is the activity of 
222Rn in the sample in 
dpm, A226 is the specific activity of 
226Ra in the sample (dpm/g), as obtained from gamma 
counting, w is the weight of the sample, and D2 is the in-growth (= 1 - e 
–λt1) factor where t1 is 
the time elapsed between sealing of the gas washing bottle at the beginning to the time when 
the gas washing bottle was removed from the extraction board.  Multiplying Er by 100 will yield 
the percentage radon emanation coefficient. 
2.2 Zircon Fission Track Density 
 The number density of fission tracks after heating at different temperatures were 
determined for Mud Tank zircon crystals.  Work for fission track counting was performed at the 
University of Cadíz.  Crystal size range of 125 - 250 µm were selected for fission track counting, 
obtained from the same large crystal used in the 222Rn emanation experiments.  Five separate 
aliquots were heated at five different temperatures, 200°C, 300°C, 400°C, 600°C, and 800°C, for 
six hours in a muffle furnace. One aliquot remained at room temperature.  After heating, the 
zircon crystals were prepared for fission track counting. 
2.2.1 Zircon Grain Mounting 
 A glass slide was heated on a Corning PC-620D hot plate, with a surface temperature of 
330°C.  About 200 zircon grains from an aliquot were then placed onto the glass slide.  A Teflon 
square, roughly 1 cm2, was then rinsed with alcohol to eliminate static charge.  After rinsing, 
the Teflon square was placed on top of the zircon crystals, and immediately following, a second 
glass slide was placed on top of the Teflon.  A wooden plank with an end approximately 1 cm2 
was used to press firmly down on the top glass slide, to ensure melting and proper mounting of 
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the zircon crystals.   After less than a minute, the two slides were removed with tweezers, and 
set to cool.  After cooling, the slides were separated and the Teflon square with mounted zircon 
crystals was removed.  The back of the Teflon mount was then labeled with an Exacto knife.  
This procedure was performed once for every temperature aliquot of Mud Tank zircon crystals. 
2.2.2 Polishing Zircon Grains 
 Once the Teflon mounts were made, each mount required to be polished.  Polishing is 
needed for the etchant (later step) to work effectively.  The Teflon mounts were taped with 
double sided tape to glass slides, and then placed on a Struers RotoPol-35 automatic polisher.  
The polishing was performed in 10 minute steps using diamond polish of 9 µm, 6 µm, 3 µm, 1 
µm, and 1/4 µm.  After each step, the zircons were examined with a reflected light microscope 
to ensure a clean polish.  On the final step, care was taken to ensure most polishing scratches 
had been removed and that the zircon surfaces were highly reflective. 
2.2.3 Etching Zircon Grains 
 After polishing, the zircons were ready to be etched.  The etching procedure increases 
the size of fission tracks so that they may be seen and counted in a reflected light microscope.  
Eight grams of NaOH and 11 grams of KOH were placed into a Teflon beaker.  The beaker was 
placed in a Memmert furnace set at 228°C for 2 hours, in order to allow the NaOH and KOH to 
become molten.  After 2 hours, the beaker was removed from the furnace, and the Teflon sheet 
containing the mounted zircons was placed, zircons facing down, into the molten solution.  
Each zircon containing Teflon sheet was placed in a similar fashion to separate Teflon beakers.  
Once the Teflon sheets were in the beakers, the beakers were placed once again into the 
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furnace at 228°C.  The beakers remained in the furnace for 24 hours.  After 24 hours, the 
beakers were removed and the Teflon sheets were carefully tweezed out of the molten solution.  
A reflected light microscope was then used to assess the quality of etching.  Once satisfactory, 
the Teflon sheets were placed aside for track counting. 
2.2.4 Fission Track Counting 
 The etched Teflon sheets were attached by double sided tape to glass microscope slides.  
There was at least one sheet for each heating step, including room temperature.  The slides 
were then examined using a Zeiss reflected light microscope under 1000x magnification, 
coupled with Axio Vision software to aid in visual counting.  At least 20 separate crystals from 
each Teflon mount were selected for fission track counting.  Using the Axio Vision software, a 
clean area of crystal for counting was selected, using the polygon tool.  Area for each selected 
polygon was automatically computed, and the counts for each area were recorded (Figure 8).  
Fission track density for each area was calculated as follows: 
𝐷 = 𝐶𝑡 𝐴   (Eq 2.6) 
Where D is the density of fission tracks per cm2, Ct is the counted fission tracks in the selected 
polygon, and A is the area in cm2 for the polygon.  Once the fission track density in one Teflon 
sheet for 20 or so crystals was recorded, a running average was obtained.  The final value for 
the running average was used as the fission track density in the zircon crystals for that 
temperature step.    
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Figure 8.  On screen appearance of fission tracks in zircon, under 1000x magnification.  Red lines 
represent the polygon selected, area of the polygon is displayed in the upper portion of the screen. 
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2.3 Radon Diffusion 
 Diffusion of 222Rn as a result of heating different grain sizes was measured in Bancroft 
zircon crystals using gamma spectroscopy.  Grain sizes of 250 - 500 µm, 125 - 250 µm, 63 - 125 
µm, and < 63 µm were selected for this experiment.  An aliquot of approximately 0.5 grams was 
weighed to the nearest tenth of a miligram, transferred to a 10 ml counting vial, and was then 
then sealed. In order for the daughter products of 222Rn (214Pb and 214Bi) to reach secular 
equilibrium with 222Rn, the sample was stored for about 2 hours.  After the wait, the vials were 
counted in a high-purity germanium well detector (Canberra).  The samples were counted for 
sufficient  period so as to get at least 1,000 net counts in the Bi214 (609 KeV) region.  Once 
counting was complete, the specific activity (decays per minute per gram) was calculated for 
Bi214 and Pb214 (352 KeV) as follows: 
𝐶
𝑡/60
∗ 𝐷 ∗
1
𝑤
  (Eq 2.7) 
Where C is the net counts obtained from the gamma ray detector for either Bi214 or Pb214 peaks, 
t is the time the sample was counted in the detector in seconds, D is the dpm / cpm value for 
1ml of Ra226 for either Bi214 or Pb214, specific to the detector, and w is the weight of the sample 
(in g) in the vial.  The final dpm/g for each sample was determined from the average of the Bi214 
and Pb214 values.   
 To determine reproducibility of gamma-ray measurements, a 10 ml sample of the 
standard RGU-1 (certified concentration of 400±2 ppm 238U) was counted six times.  Activities 
and coefficent of variation of 226Ra (352 KeV and 609 KeV) were calculated (Table 4). 
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Table 4: Activity and coefficient of variation for 226Ra, counted in gamma ray spectrometer, using RGU-1. 
226Ra (352 KeV) 
dpm/g 
226Ra (609 KeV) 
dpm/g 
Mean 226Ra 
dpm/g 
262 ± 5 272 ± 8 267 ± 5 
266 ± 5 271 ± 8 268 ± 5 
265 ± 5 275 ± 7 270 ± 4 
273 ± 6 294 ± 9 284 ± 6 
269 ± 6 272 ± 8 270 ± 5 
267 ± 5 275 ± 8 271 ± 5 
CV % 1.4% 3.1% 2.2% 
 
CV % represents percent coefficient of variation.   
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 After the intial reading for each aliquot was made, they were removed from the vials 
and weighed again.  After weighing, samples were placed in ceramic crucibles and heated at 
different temperatures (details given later in this section) in a Thermoline muffle furnace.   
After heating, samples were allowed to cool in the furnace and then were removed.  After 
removal, samples were reweighed and transferred once again to 10 ml counting vials and let 
rest for at least 2 hours before recounting in the gamma ray detector.  Samples were counted 
once every 5 or so days until at least 25 days had passed since the furnace heating stopped.   
This was to ensure equilibrium was established, and to extrapolate the data back to the time 
when the mineral heating ended (to) value.  These 
222Rn activity measurements were fit with a 
222Rn in-growth curve that has 2 free parameters: 1) Initial 222Rn concentration after degassing 
222Rn during heating, at t0; and 2) Equilibrium 
222Rn concentration (equilibrium with 226Ra). The 
equilibrium 222Rn concentration has to be solved for because of the mass loss, and resulting 
increase in 226Ra concentration, that occurs during heating, which increases the equilibrium 
value from preheating equilibrium concentrations.  The initial 222Rn concentration after heating 
is the t0 value of the fitted curve.  The curve fits are calculated by minimizing the root-mean-
square-error (RMSE) between the data and the curve. We used a grid search to find the best 
values for the 2 free parameters. We also tried a least-squares minimization that gave 
indistinguishable values, with very large errors. To account for the error in each of our data 
points we used a Monte Carlo (MC) technique. For each data point, a random set of 1,000 
points was taken from the normal distribution with the mean and standard deviation of the 
data and the error.  These 1,000 datasets were then fit using the same minimization technique 
resulting in 1,000 possible fits to the data given the error. The mean and standard deviation of 
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the initial and equilibrium 222Rn values from the MC runs were used to calculate the percent 
222Rn lost during each heating experiment.  Errors with Monte Carlo simulations are smaller 
than least square calculations but larger than propagated errors arising from calibration and 
counting statistics on individual data points.  
 Different temperatures and durations were selected to assess the heating effects on 
diffusion of radon.  Six different temperatures, 200°C, 300°C, 400°C, 600°C, 800°C, and 975°C 
were studied.  For temperatures 200°C - 800°C, each aliquot was heated for 6 hours   to 
compare results to experiments performed previously;  975°C was selected to determine the 
effect of heating duration on the zircon crystals;  975°C was subject to four different heating 
durations, 4 hours, 16 hours, 30 hours, and 48 hours.  A final experiment was performed at 
975°C as well, where aliquots previously heated for 48 hours at 975°C were heated again at 
975°C for different durations; 4 hours, 6 hours, 8 hours, 16 hours and 48 hours.  
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CHAPTER THREE 
RESULTS AND DISCUSSION 
 We conducted two experiments to assess the mechanisms of 222Rn loss from zircon 
using zircons from three localities: Mud Tank (Australia), Malawi, and Bancroft, ON (Canada). 
The first experiment investigated the effects of microstructures, namely fission tracks, on room-
temperature 222Rn emanation. The second experiment was an investigation of high 
temperature diffusion of 222Rn. 
3.1 Variations in 238U and 232Th Concentrations  
 238U and 232Th activities for Bancroft, Malawi and Mud Tank zircon grains from gamma 
spectrometry measurements on 125 - 250 µm size fraction, the same size fraction used for the 
radon emanation experiment, are listed in table 5. Mud Tank has the lowest activities of 238U 
and 232Th, being 23.3 ± 0.5 DPM/G and 14.1 ± 1.6 DPM/G respectively (where DPM/G stands for 
gamma decays per minute per gram of zircon). Malawi zircon is intermediate at 532 ± 4 DPM/G 
for 238U and 248 ± 7 DPM/G for 232Th, and Bancroft has the highest of all three, 4816 ± 35 
DPM/G for 238U and 2375 ± 52 DPM/G for 232Th.  The concentrations shown in table 5 were 
those used in emanation calculations.  The low activity seen in the Mud Tank zircon fraction is 
consistent with lower 238U concentrations observed in previous literature (Black and Gulson, 
1978). 
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Table 5: Activities of 238U and 232Th in the ground bulk zircon samples (125 - 250 µm) as determined by 
gamma spectrometry.  
 
Zircon 
238U Activity  (Via 226Rn) 
(dpm/g) 
232Th Activity (Via 228Ac) 
(dpm/g) 
Mud Tank 23.3 ± 0.5 14.1 ± 1.6 
Bancroft 4816 ± 35 2375 ± 52 
Malawi 532 ± 4 248 ± 7 
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3.2 Heterogeneity in 238U and 232Th Concentrations 
 All zircon grains used in the experiments originated from one large initial crystal (>100 
grams) from each locality that was crushed to produce the smaller size fractions.  Though grain 
size fractions after pulverization were well mixed prior to sieving and counting, there was an 
inherent heterogeneity in the distribution of 238U and 232Th amongst the grains, likely due to 
heterogeneity of the parent zircon crystal. Compositional heterogeneity within zircon crystals is 
unsurprising, and has been documented in the literature (e.g. Silver and Deutsch, 1963).  To 
account for this, the values of 238U and 232Th used for calculation of the radon emanation 
coefficient (REC) were taken from a ~20 gram sample of zircon, which was subsequently used 
for the REC experiments. 
3.3 222Rn Emanation Coefficient (REC) 
 We investigated the effects of microstructure on REC by measuring REC after systematic 
annealing. 
3.3.1 Fission Track Density 
 Because fission tracks are possible escape conduits for the 222Rn gas produced inside 
zircon crystals, we measured fission track density in Mud Tank zircon after several annealing 
steps: 25˚C, 200˚C, 300˚C, 400˚C, 600˚C, and 800˚C. The results are shown in table 6.  The 
highest density of tracks, 3.365 ± 0.008 * 106 cm2, occurs at 25°C.  The lowest calculated density 
was 1.570 ± 0.006 * 106 cm2 for 600°C.  At 800°C, there were too few tracks observed to 
calculate an accurate value; the tracks were considered fully annealed.  The trend of decreasing 
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Table 6: Fission track density*  in 125-250 µm size fraction in Mud Tank zircon. 
(226Ra conc. = 23.3±0.5 dpm/g) 
 
Temp (C) 
Fission Track Density 
 (X 106 cm-2) 
25 3.365 ± 0.008 
200 3.353 ± 0.008 
300 2.708 ± 0.007 
400 2.823 ± 0.008 
600 1.570 ± 0.006 
800 - 
 
* 6 hours heating for each temperature step   
Errors for track density obtained from square root of value 
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fission track density with increased temperature is typical in zircons as fission tracks anneal in 
elevated temperature conditions (Fleischer et al., 1965). Fission track density was not measured 
in Bancroft and Malawi zircons due to the opacity of the grains, which is likely a result of their 
much higher 238U and 232Th activities.   
3.3.2 REC After Annealing 
The REC values in water were determined for Bancroft, Malawi and Mud Tank zircon 
grains 125 - 250 µm in size after heating at the same temperatures and durations as the fission 
track measurements. Each aliquot was measured in triplicate, and the values averaged. 
Averages and standard deviations are reported in table 7.   
 The REC for Mud Tank zircon was the lowest after heating to 300°C and was highest 
after heating to 800°C.  REC for Mud Tank zircon was intermediate after the lower temperature 
heating steps at 25°C and 200°C.  For the steps ranging from 300°C - 600°C, REC remained 
relatively consistent and decreased  ~25 - 30% from those values observed after the lower 
temperature heating steps.  After heating to 800°C, REC increased to ~205% of the values 
observed after heating to 300°C - 600°C (Figure 9). REC after annealing at temperatures below 
800˚C is inversely related to fission track density (Figure 10), suggesting that fission tracks do 
play a role radon emanation. However, at 800°C, when fission tracks are annealed, REC shows a 
marked increase, indicating other changes in the lattice structure are taking place that also 
affect REC. 
 For Bancroft zircon grains, the lowest REC was observed after heating to 200°C, and the 
highest after heating to 300°C.  The values did not follow any particular trend.  The REC  
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Table 7: Radon Emanation Coefficients (REC) for Mud Tank, Bancroft, and Malawi zircon grains at 
different temperatures . 
Sample Temp (C) 
REC (%) 
(X 10-3) 
Mud Tank 25 12.6 ± 3.0 
Mud Tank 200 12.7 ± 3.0 
Mud Tank 300 8.9 ± 2.2 
Mud Tank 400 9.7 ± 2.0 
Mud Tank 600 9.2 ± 2.2 
Mud Tank 800 19.9 ± 4.0 
Bancroft 25 0.187 ± 0.009 
Bancroft 200 0.103 ± 0.006 
Bancroft 300 0.314 ± 0.014 
Bancroft 400 0.207 ± 0.009 
Bancroft 600 0.252 ± 0.011 
Bancroft 800 0.138 ± 0.008 
Malawi 25 2.77 ± 0.15 
Malawi 200 3.89 ± 0.20 
Malawi 300 4.33 ± 0.25 
Malawi 400 3.34 ± 0.20 
Malawi 600 2.78 ± 0.13 
Malawi 800 3.16 ± 0.15 
 
REC values obtained from 125 - 250 µm size zircon grains.All temperatures were heated for a duration of 
6 hours.  Error values represent the propagated error from the experimental values. 
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Figure 9.  Radon emanation coefficient Vs. temperature for Mud Tank zircon.  Grains heated for 6 hours. 
Error bars represent the propagated error of experimental values. 
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Figure 10.  Fission track density Vs. radon emanation coefficients in Mud Tank zircon size fraction 125 - 
250 µm.  Error bars represent propagated error from experimental values. 
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decreased by ~45% after heating to 200˚C, increased by ~305% after heating to 300°C, 
decreased by ~34% after heating to 400°C, increased by ~18% after heating to 600°C, and 
decreased by 45% after heating to 800°C. (Figure 11)  
 For the Malawi zircon,  the lowest REC was recorded the unheated aliquot, and the 
highest was recorded after heating to 400°C.  As seen in the Bancroft Zircon, there is no clear 
trend between REC and heating temperature for Malawi zircon grains. (Figure 12)   
3.3.3 REC and 238U and 232Th Concentration 
Independent of annealing temperature, Mud Tank, Bancroft and Malawi zircon grains 
had their own unique range of REC values. Mud Tank zircons had the highest REC ranging from 
8.9 ± 2.2 * 10-3% to 19.9 ± 4.0 * 10-3%.  Malawi zircon grains had intermediate values ranging 
between 2.77 ± 0.15 * 10-3% and 4.33 ± 0.25 * 10-3%.  Bancroft zircon grains had the lowest REC, 
which ranged from 0.103 ± 0.006 * 10-3% to 0.314 ± 0.014 * 10-3%. This variation is not 
surprising when compared with previous REC measurements on zircon. 
While many studies have determined REC for different materials and minerals, very few 
have done so for zircon crystals. All available REC measurements for zircon are compiled in 
table 8, and plotted in figure 13.  Our experimental data include the lowest REC reported for 
zircon (Bancroft), and together with two previous measurements display a negative correlation 
with 226Ra activity. Higher 226Ra activity would suggest higher radiation dose, and thus higher 
potential for radiation damage. 4He diffusion in zircon is slowed by radiation damage (Shuster 
et al. 2006; Shuster and Farley, 2009; Ketcham et al., 2013). The inverse correlation between 
REC and 226Ra activity in zircon may indicate that radiation damage also slows 222Rn emanation. 
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Figure 11.  Radon emanation coefficient Vs. temperature for Bancroft zircon.  Grains heated for 6 hours.  
Errors represent the propagated error obtained from experimental values. 
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Figure 12.  Radon emanation coefficient Vs. temperature for Malawi zircon.  Grains heated for 6 hours. 
Error bars represent propagated errors obtained from experimental values. 
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Table 8: Comparison of radon emanation coefficients  for zircon crystals in literature. 
 
Locality Size N* REC (%) Reference 
226Ra activity 
(DPM/G) 
Egypt > 1000 µm 10 0.6 ± 0.1 1 250 ± 10 
Italy 2 - 12 µm 21 3.4 ± 0.2 2 158 ± 39 
Italy 90 µm 6 0.80 ± 0.03  2 158 ± 39 
Tuxedo, 
Nm 
> 1 cm - 0.001 - 0.01 3 360 
- 125 - 250 µm 20 0.2 - 4.8 4 0.5 - 40 
- 125 - 250 µm 1 12.1† 4 16 
Brazil < 63 µm - 1.04 ± 0.01 5 3008 ± 28 
Brazil 1000 - 2000 µm - 0.47 ± 0.01 5 3008 ± 28 
Mud Tank 125 - 250 µm 3 0.0126 ± 0.003 - 23.3 ± 0.5 
Bancroft 125 - 250 µm 3 0.000187 ± 0.000009 - 4816 ± 35 
Malawi 125 - 250 µm 3 0.00277 ± 0.00015 - 532 ± 4 
 
† Weathered zircon sample 
N = Number of samples counted 
Mud Tank, Bancroft and Malawi samples from this study 
 
References: 
 
1 - El Afifi et al. (2005) 
2 - Verita  et al. (2009) 
3 - Rama and Moore (1990) 
4 - Barretto (1973) 
5 - Garver and Baskaran (2004) 
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Figure 13. Log scale comparison of 226Ra  activity Vs. REC in different zircon crystals from different 
studies. 
References: 
1 - El Afifi et al. (2005) 
2 - Verita  et al. (2009) 
3 - Rama and Moore (1990) 
4 - Barretto (1973) 
5 - Garver and Baskaran (2004) 
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3.3.4 Mass Loss During Heating 
 As a result of heating, our zircons lost a percentage of mass that was dependent upon 
the temperature heated to.  We attribute this to volatile loss, which increases as temperature 
increases, effectively concentrating the 238U and 232Th remaining in these grains. The mass loss 
is relatively small (< 4%) for the temperature ranges used in this experiment, however, and 
does not impact the final REC values in a significant way. 
3.3.5 Summary of REC Results 
1. Heating steps up to 600˚C decreased the REC in Mud Tank zircon crystals. After 
heating to 800°C, the REC increased drastically.  The decrease in REC after lower 
temperature heating steps can be attributed to the annealing of microstructures 
and fission tracks, as observed previously by Rama and Moore (1990).  This does 
not explain the marked increase in REC after heating to 800°C, at which point all 
fission tracks have been annealed. This increase may be a result of further 
changes in the crystal lattice in response to higher temperature annealing.  
2. The REC observed in Bancroft and Malawi zircon crystals does not show a 
consistent relationship to annealing temperature. Bancroft and Malawi zircons 
both have much higher 238U and 232Th activities than the Mud Tank zircon, 
resulting in an increased radiation dose and higher degree of radiation damage. 
We interpret the different behavior of REC after heating in these zircons to be 
related to radiation damage, which responds differently to annealing at the 
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temperatures applied in this experiment than did the fission tracks in Mud Tank 
zircon. This illustrates the importance of crystal lattice structure on observed REC. 
3. The three zircons studied display an inverse relationship between REC and 226Ra 
activity. This trend suggests that 238U and 232Th activities have an influence on 
the REC in zircon crystals. Our interpretation of this result is that radiation 
damage decreases REC much in the same way that it decreases diffusivity of 4He 
in zircon (Ketcham et al., 2013). 
3.4 222Rn Diffusion 
 To investigate the potential for diffusive loss of 222Rn in zircon, we heated aliquots of 
Bancroft zircon with grain sizes of 250 - 500 µm, 125 - 250 µm, 63 - 125 µm, and < 63 to  
temperatures ranging from 200°C, 300°C, 400°C, 600°C, 800°C for 6 hours, and one step at 
975˚C for 4 hours. The percentage of 222Rn lost upon heating was determined by measuring the 
ingrowth of 222Rn over the next few weeks using gamma spectrometry. Results are shown in 
table 9. Radon loss is highest at 975°C, and the percent lost increases as temperature increases, 
and follows a roughly linear trend in Arrhenius space (figure 14). Mass loss upon heating also 
increased with increasing temperature, from 0.73 percent mass lost at 200°C to 3.91 percent 
mass lost at 975°C. 
 A separate set of aliquots of Bancroft zircon of the same grain size fractions as above 
were heated at 975°C for different and longer durations, from 4 hours up to 48 hours.  The 
results of this experiment are given in table 10.  For the time periods selected, the duration of 
heating  had little  effect on  radon loss.  The  greatest radon  loss, from  29.2  ± 3.7 to 37.6 ± 3.3 
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Table 9: Percent 222Rn loss in Bancroft zircon of various grain sizes after heating. 
 
Grain 
Size (µm) 
Temp (°C) 222Rn loss (%) Mass loss (%) 
<63 200 5.7 ± 4.8 0.73 
63 - 125 200 5.1 ± 4.7 0.89 
125 - 250 200 4.7 ± 4.8 1.31 
250 - 500 200 5.3 ± 4.3 1.07 
<63 300 5.0 ± 3.7 1.00 
63 - 125 300 2.4 ± 3.4 1.02 
125 - 250 300 2.8 ± 5.0 1.12 
250 - 500 300 2.9 ± 4.3 1.27 
<63 400 1.9 ± 4.9 1.60 
63 - 125 400 10.9 ± 3.4 1.70 
125 - 250 400 2.7 ± 5.0 1.77 
250 - 500 400 5.0 ± 4.6 2.06 
<63 600 9.1 ± 4.2 2.70 
63 - 125 600 9.2 ± 3.5 2.78 
125 - 250 600 8.4 ± 3.6 2.89 
250 - 500 600 11.6 ± 3.3 3.06 
<63 800 8.6 ± 4.7 3.34 
63 - 125 800 10.8 ± 5.2 3.58 
125 - 250 800 8.4 ± 4.7 3.57 
250 - 500 800 13.2 ± 4.2 3.65 
<63 975 25.7 ± 4.1 3.64 
63 - 125 975 27.4 ± 4.0 3.76 
125 - 250 975 30.2 ± 4.1 3.91 
250 - 500 975 29.2 ± 3.7 3.71 
 
Zircon grains all heated for 6 hours, except those heated to 975°C, which were heated for 4 hours.  
Errors obtained from Monte Carlo simulations. 
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Figure 14: Arrhenius plot for Bancroft zircon, 500µm size fraction 
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Table 10: Percent 222Rn loss in Bancroft zircon of grains after various heating durations. 
 
Grain 
Size (µm) 
Heating 
Duration (hrs) 
222Rn loss (%) Mass loss (%) 
<63 4 25.7 ± 4.1 3.64 
63 - 125 4 27.4 ± 4.0 3.76 
125 - 250 4 30.2 ± 4.1 3.91 
250 - 500 4 29.15 ± 3.7 3.71 
<63 16 29.4 ± 3.3 3.49 
63 - 125 16 27.3 ± 3.1 4.01 
125 - 250 16 35.5 ± 3.3 4.17 
250 - 500 16 37.6 ± 3.3 3.94 
<63 30 30.8 ± 4.8 3.50 
63 - 125 30 27.7 ± 4.6 3.78 
125 - 250 30 27.8 ± 4.7 3.71 
250 - 500 30 36.6 ± 4.9 3.71 
<63 48 25.4 ± 4.5 3.66 
63 - 125 48 28.2 ± 4.6 3.97 
125 - 250 48 36.4 ± 5.1 4.39 
250 - 500 48 35.2 ± 4.2 3.49 
 
Zircon grains all heated to 975°C.  Errors obtained from Monte Carlo simulations. 
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percent, is observed in the largest grain size fraction, which is not consistent with purely 
volume diffusion. For all durations and grain sizes, mass loss upon heating remained relatively 
constant at 4 percent. Finally, we did a set of measurements on aliquots that were exposed to 
two stages of heating at 975°C.  The first heating step lasted 48 hours, after which we waited at 
least 30 days for secular equilibrium between the short-lived daughters of 226Ra to be 
reestablished, and then we heated them again at 975°C for different durations, ranging from 6 
to 48 hours. The results from this experiment are shown in table 11 and figure 15. The radon 
loss is less for the reheated grains than the grains that were heated only once, around 10 
percent compared to around 30 percent loss for grains heated only once. Mass loss in the 
reheated grains is also much less, with all observed values ranging from 0-0.46 percent, 
compared to around 4 percent for those grains heated only once.  
Several observations can be drawn from the diffusion experiments: 
1. Diffusive loss of 222Rn in zircon shows no predictable relationship with grain size at 
the heating temperatures and durations applied. Heating duration also had little 
effect on the amount of 222Rn lost.  Applying a second heating step did, however, 
have an effect.  The highest percentage of radon lost was ~37 percent for one 
heating step at 975°C, however the highest percentage loss for samples heated 
twice was only about ~15 percent, with most values being less than 10 percent. 
2. 222Rn loss from Bancroft zircon appears to follow an Arrhenius relationship, 
suggesting diffusion. However, the errors introduced by extrapolating the 222Rn 
ingrowth curve to determine the amount lost upon heating are quite large, resulting  
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Table 11: Percent 222Rn loss in Bancroft zircon of grains after two heating steps. 
Grain 
Size (µm) 
Heating 
Duration (hrs) 
222Rn loss (%) Mass loss (%) 
<63 6 4.8 ± 6.1 0.00 
63 - 125 6 5.6 ± 5.9 0.03 
125 - 250 6 10.7 ± 5.5 0.03 
250 - 500 6 14.9 ± 5.7 0.02 
<63 8 9.26 ± 5.3 0.04 
63 - 125 8 8.6 ± 4.6 0.02 
125 - 250 8 7.5 ± 4.3 0.02 
250 - 500 8 7.9 ± 3.8 0.00 
<63 16 9.4 ± 5.7 0.05 
63 - 125 16 9.7 ± 5.6 0.06 
125 - 250 16 4.3 ± 5.9 0.09 
250 - 500 16 11.5 ± 5.8 0.04 
<63 30 12.3 ± 5.4 * 
63 - 125 30 14.2 ± 8.1 * 
125 - 250 30 9.8 ± 6.4 * 
250 - 500 30 6.0 ± 6.1 * 
<63 48 9.1 ± 3.5 0.18 
63 - 125 48 10.1 ± 5.8 0.28 
125 - 250 48 9.5 ± 4.9 * 
250 - 500 48 9.1 ± 4.1 0.46 
 
All grains were previously heated for 48 hours at 975°C, after which they were heated once more at 
975°C for the duration specified.  Errors obtained through Monte Carlo simulations. 
* Weighing error. 
  
56 
 
% 222Rn loss for different heating durations @ 975°C
 
Figure 15: Percentage loss of 222Rn heated for different durations for 4 different size ranges (<63 m, 
63-125 m, 125-250 m and 250-500 m). Solid circles represent Bancroft zircon crystals heated once.  
Hollow diamonds represent Bancroft zircon crystals heated twice.  Errors obtained from previously run 
Monte Carlo simulations. 
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in a very imprecise determination of diffusion parameters of Ea = 88.56 ± 35.14 
kJ/mol, and D0 /a
2  = 1.04 * 10-5 (+9.71 * 10-5 / -1.01 * 10-6) s-1 .  
3. The difference in percent 222Rn lost between aliquots that were heated once and 
those that were heated twice suggests structural changes in the crystal lattice are 
occurring during heating. Similar changes in diffusivity after high temperature 
heating have been noted in Ar diffusion experiments.  
4. Mass loss upon heating is likely due to volatile loss from impurities and inclusions in 
the zircon. At low temperatures, mass loss is low, 1% at 200˚C, and increases to 
about 4% at 975˚C. The mass loss is not reproduced in second heating steps, which is 
consistent with volatile loss. Heating duration had no effect on mass loss. 
3.5 Radiation dose 
 The dose of alpha-decay radiation that each zircon has experienced since its formation is 
calculated by using the equation (Murakami et al., 1991): 
𝐷𝑎 = 8𝑁1 𝑒
𝑎1𝑡 −  1 +  7𝑁2 𝑒
𝑎2𝑡 − 1 +  6𝑁3 𝑒
𝑎3𝑡 − 1   (Eq 3.1) 
Where Da is the dose in alpha-decay events per milligram of sample, N1, N2 and N3 are the 
number of atoms of 238U, 235U and 232Th, respectively, in the sample in atoms/mg, a1, a2, and a3 
are the decay constants for 238U, 235U and 232Th, respectively, in years-1 and t is the age of the 
zircon. The value for N2 is calculated as 1/139 N1, based on natural isotopic abundance.  Using 
equation (3.1), our measured activities for N1 and N3 in the samples, and the previously 
reported zircon ages, the alpha-decay dose was calculated for the three zircons and is given in 
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table 12.  As 238U, 235U, and 232Th activity and age increases in a zircon crystal, so does the 
radiation dose that crystal is subjected to over time. Bancroft zircon, having the highest 
activities and oldest age, has the highest calculated dose, nearly 300 times more than Mud Tank 
zircon. This increased dose leads to increased lattice damage in the crystal structure, thereby 
leading to a decrease in the REC. 
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Table 12:  Alpha decay radiation dose zircon has been subjected to since formation 
Location Age (m.y.) 
238U  
dpm g-1 
232Th  
dpm g-1 
238
U x 10
10 
atom mg
-1 
235
U x 10
8 
atom mg
-1
 
232
Th x 10
10 
atom mg
-1
 
Dose x 
10
9 
event 
mg
-1 
  Mud Tank 732 ± 5†
 
23.3 14.1 0.015 0.011 0.028 0.214 
  Malawi 730 ± 20††
 
532 248 0.343 0.248 0.501 4.58 
  Bancroft 1050 ± 12†††
 
4816 2375  3.11 2.25 4.80 62.2 
 
† Black and Gulson, 1978 
†† Eby et al., 1998 
††† Nasdala et al., 2010  
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CHAPTER FOUR 
CONCLUSIONS 
 The following conclusions can be drawn based on the results of this study: 
4.1 Radon Emanation Coefficient 
1. Fission tracks play an important role in radon emanation from zircons with low 238U and 
232Th activity, such as the Mud Tank zircon. REC decreases as fission tracks are annealed 
in heating steps up to 600˚C.  At 800°C, fission tracks are fully annealed, and the REC 
shows a marked increase, suggesting other lattice-scale structural changes may be 
occurring within the grains. 
2. Zircons with high 238U and 232Th activity, such as the Malawi and Bancroft zircons, do not 
display predictable behavior of REC with increasing heating temperatures.  Radiation 
damage to the crystal lattice, possibly metamictization, due to the high activity in these 
grains, responds to annealing differently than fission tracks, which may explain the 
unpredictable behavior of REC during annealing for these zircons. 
3. REC is inversely related to 238U and 232Th activity. This is likely due to radiation damage, 
which affects how 222Rn escapes from the crystal, and lowers the REC. A similar effect 
has been noted for He diffusion from zircon. 
4.2 Diffusion of 222Rn 
1. Radon diffusion in zircon is slow, with only ~40% lost after 48 hours at 975˚C. Diffusion 
parameters are Ea = 88.56 ± 35.14 kJ/mol, and D0 /a
2  = 1.04 * 10-5 (+9.71 * 10-5 / -1.01 * 
10-6) s-1, but are not well constrained by this experiment. There was no clear relationship 
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between grain size and Rn lost during heating indicating that volume diffusion is not the 
only active mechanism for Rn loss. 
2. Diffusion parameters change after high temperature heating. Repeat experiments at 
975˚C resulted in ~15% Rn loss, as compared to ~40% during the first heating. We 
interpret this as evidence for changes in the crystal structure during heating. 
3. Mass loss due to loss of volatiles during heating is not repeated during repeat 
experiments, and accounts for the increase in equilibrium 222Rn activity after heating.  
4.4 Final Conclusions and Future Work 
This study has improved our understanding of how 222Rn is lost from zircon, but much remains 
to be understood. Future studies will focus on: 
1. Investigating lattice structure using Raman spectroscopy, X-ray diffraction, or other 
techniques to determine the causes of REC variations related annealing and U and Th 
activity.  
2. Improving constraints on 222Rn diffusion parameters by repeating experiments and using 
different instrumentation.  
3. Investigating the effects of intra-crystal compositional heterogeneities on REC and 
diffusion.  
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 Radon emanation from rocks and minerals is ubiquitous, but the mechanisms of radon 
loss are not well understood. Quantification of radon emanation rates from zircon has potential 
bearing on the reliability of U-Pb ages of zircon bearing rocks.  The 238U decay chain includes 
222Rn, a noble gas, which has a half-life of 3.82 days and can escape from the crystal structure of 
zircon if sufficient pathways exist, or by recoil if the parent 238U was very near the outer edge of 
the crystal. Loss of 222Rn ultimately leads to a deficiency of 206Pb, resulting in discordance 
between 238U-206Pb, 235U-207Pb, and 232Th-208Pb ages. In order to evaluate the factors affecting 
radon loss from zircon, we performed two experiments: one focused on the effect of 
microstructure on room temperature 222Rn emanation, and the other to investigate 222Rn loss 
by high temperature diffusion. Large (~100 g) single crystal zircon samples from each of three 
localities were selected for this study: Mud Tank, Malawi, and Bancroft. The zircons were 
pulverized and five grain sizes (500 µm, 250-500 µm, 125-250 µm, 63 – 125 µm, and < 63 µm) 
were separated from each. Room temperature radon emanation rates were measured for an 
aliquot of each grain size. To investigate the effects of microstructure, in particular fission track 
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density, separate aliquots were heated to temperatures of 200˚C, 300˚C, 400˚C, 600˚C, and 
800˚C for six hours after which they were cooled to room temperature and radon emanation 
rates were measured. Fission track densities were measured after the same annealing steps in 
the Mud Tank zircon, allowing quantification of 222Rn emanation rate as a function of fission 
track density. In general, radon emanation rates decrease with decreasing fission track density, 
but increase when all fission tracks are annealed, suggesting the possibility of using 222Rn to 
assess defect density within crystals. To investigate diffusive loss of 222Rn, we heated separate 
aliquots of each grain size of the Bancroft zircon to 975˚C for different durations. 222Rn loss after 
heating was assessed by measuring the activity of the daughter products of 222Rn (214Bi and 
214Pb), in addition to 226Ra, 228Ra, 234Th, and 210Pb, using gamma spectroscopy before and after 
heating. Results indicate slow diffusion of 222Rn, and suggest there may be structural changes in 
the zircon lattice at long heating durations. Results of both experiments have implications for 
U/Th-Pb geochronology (i.e., discordant ages), and noble gas escape systematics in zircon (i.e., 
volume diffusion or fast pathway escape). 
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